Summary
Introduction
Serratia marcescens is a pigmented gram-negative enteric organism. Unlike most enteric organisms, S. marcescens is adapted to a wide variety of ecologic niches. It is found in soil, water, air, plants, and animals (Grimont et al., 1978) . In addition, S. marcescens is an opportunistic human pathogen that causes many nosocomial infections, particularly in immunocompromised patients and in infants with respiratory ailments (Daschner et al., 1980) . S. marcescens CH-1 cell is a short rod (0.5-0.8 μm x 1-5 μm) with one to two flagellae in liquid medium. When S.
marcescens CH-1 are inoculated onto the agar medium surface, they undergo swarming differentiation (Liu et al., 2000) . S. marcescens CH-1ΔC is one mutant of CH-1 which was found to bear a defective rssC gene (for repression / regulation of Serratia swarming), and was predicted to be involved in membrane structure construction and swarming behavior (Lai et al., 2005) . This gene needs to be identified further. Despite the fact that a variety of different methods, such as x-ray crystallography, neutron diffraction, and mass spectrometry, have been developed or used to unravel the role of an unknown gene involved in membrane construction, relatively little work has been applied to identification of a gene by directly observing the structural changes in membranes.
It is worth observing the cell-surface topography change in mutant S. marcescens CH-1ΔC in more detail by use of atomic force microscopy (AFM).
Atomic force microscopy, a nanoresolution technique that needs no complex preparation procedure for the biological sample (Binning et al., 1986) , has proved over the past few years to be a suitable approach for imaging and identifying single molecules (Hansma et al., 2003; Sitko et al., 2003; Chen et al., 2004; Kuznetsov et al., 2005) and native biological membranes (Schafer et al., 2002; Oberleithner et al., 2003; Li and Palmer, 2004; Reddy et al., 2004; Shahin et al., 2005) .
Three-dimensional information can be extracted directly from AFM topographic and phase images.
Topographic images of either intact or isolated membranes of bacterial cells were published (Yamamoto et al., 2003; Scheuring et al., 2003; Milhiet et al., 2004; Liu et al., 2004; Dupres et al., 2005; Li et al., 2005) and revealed structural details that could not be detected by other approaches.
These advantages caused us to apply AFM to the field of membrane structure and analysis of gene expression. In this study, we demonstrated that AFM can be employed for investigating the membrane construction of Serratia marcescens CH-1ΔC so that we could unravel the role of the rssC gene. In concordance with the AFM observation, surface features were further investigated with transmission electron microscopy (TEM). Also, the total cellular fatty-acid profiles were determined by gas-chromatography analysis. This study represents the first direct characterization of the unknown gene by measurement of the structural changes in membranes of intact S. marcescens cells on a nanometer scale.
Results and discussion

GenBank database search of rssC gene
A search of the GenBank database with the amino-acid sequence of the rssC gene has been shown to be highly homologous to members of the integral membrane transacylase protein family, whose function is related to lipid biosynthesis (data not shown). The function of transacylase or acyltransferase is to transfer the acyl chain (including the acetyl chain) from its respected acyl carrier protein to the target substrate, either glycerol or polysaccharide and even acyl chains, and is related to lipid metabolism. As a result, this enzyme may be connected to fatty-acid biosynthesis or modification of the cell membrane component, such as PlsB, PlsC, LpxA, LpxD, LpxL, LpxM, whose functions are related to (a) lipopolysaccharide (LPS) biosynthesis and (b) phospholipid biosynthesis as in E. coli. and Salmonella typhimurium (Rock et al., 2002; Raetz et al., 2002) . Thus, the rssC gene is predicted to be an acyl transferase and to be mainly responsible for the acylation of either LPS modification (O-chain acetyl transferase) or fatty-acid biosynthesis of the outer and inner leaflets (acyl transferase) on S. marcescens cells (Fig. 1) .
AFM analysis of native CH-1 and CH-1ΔC
For unraveling the role of the rssC gene of S. marcescens in membrane structure construction, AFM has been used to observe and identify the surface structures of wild-type CH-1 and mutant CH-1ΔC cells in more detail. The detailed cellular surface topographies of CH-1 and CH-1ΔC were studied by use of AFM by systematically zooming in on desired cells and regions within the cell membrane (Fig. 2) . A larger scan area (10 x 10 μm 2 ) was first made for wild-type CH-1 ( Fig. 2A) and rssC mutant CH-1ΔC cells (Fig. 2B) , in order to select the cells desired for higher-resolution images. As shown in Fig. 2A and 2B, CH-1 and CH-1ΔC cells are readily distinguishable. An image of an individual rod-shaped cell acquired by zooming into the boxed area of Fig. 2A and 2B
is shown in Fig. 2A shorter than CH-1 (data not shown). The data obtained indicated that the cell differentiation process was affected in rssC mutant CH-1ΔC and the cell elongation pattern was aberrant (Liu et al., 2000) .
The higher-resolution images acquired by zooming into the boxed areas of Fig.2A ' and 2B' are displayed in Fig. 2A " and 2B", respectively. As shown in Fig. 2A " and 2B", the exemplary AFM images showed that many protrusions shaped like mountain ranges and hills exist on the wild-type CH-1 and mutant CH-1ΔC surfaces, respectively. Statistical analysis (mean height distribution curve) was also performed on the AFM images and is shown in Fig. 2a and 2b, respectively. The protrusions appear to be lipopolysacchrides and proteins such as porin proteins, lipoproteins, matrix proteins, and high-affinity receptors located on the outer membrane of S.
marcescens CH-1 and CH-1ΔC (Matsuyama et al., 1995; Ehrenhofer et al., 1997) . To investigate further by AFM, the detailed surface feature, we then examined more than twenty individual CH-1 and CH-1ΔC cells. Statistical analysis was performed on the AFM images. The data are summarized in Table 1 (A) and (B).
We found that, compared with wild-type CH-1 ( wall modes were made and contour views from within the membrane with the extracellular region above and the intracellular region below are depicted in Fig. 3A (for a wild-type CH-1 cell) and 
AFM analysis of lysozyme-treated CH-1 and CH-1ΔC
In addition, it was suggested that cell membrane aberrance in rssC mutant CH-1ΔC might allow the lysozyme to penetrate and digest the peptidoglycan layer (Camesano et al., 2000) . CH-1 and CH-1ΔC cells treated with lysozyme were imaged and are shown in Fig. 2C and 2D , respectively.
As shown in Fig. 2C " and 2D", the exemplary AFM images showed that many protrusions shaped like mountain ranges and hills exist on the lysozyme-treated CH-1 (Fig. 2C") and CH-1ΔC (Fig.   2D ") cell surfaces, respectively. More than twenty individual CH-1 and CH-1ΔC cells after treatment with lysozyme were then examined. Statistical analysis was performed on the AFM image, and the topographic parameters are summarized in Table 1 (C) and 1(D).
It was found that, compared with native wild-type CH-1 ( Fig. 3B and 3D, and resulted in far less roughness (R a decrease by 20.97 %) and a flater surface (R max decrease by 22.52 %).
Thus, the mutation in the rssC gene does alter the outer membrane structure of S. marcescens wild-type CH-1 cells. The rssC gene is thus predicted to be mainly responsible for the acylation of either LPS modification or fatty-acid biosynthesis of the outer and inner leaflets on S. marcescens cells. In addition, it was found that the data were basically consistent with TEM and scanning electron microscopy (SEM) observations and cellular fatty acid profile analysis.
TEM analysis
Because the rssC gene is predicted to be involved in membrane construction, it is worthwhile to observe the cell surface structures of wild-type CH-1 and mutant CH-1ΔC in more detail by TEM and SEM. Images of TEM showed that there was a light marginal ring suggested to be either a capsule or LPS around the wild type cell (Fig. 4A) , whereas mutant cells (Fig. 4B ) seemed to be aberrant and had small blebs (white arrows). Under SEM observation, the surface of mutant CH-1ΔC (Fig. 4D ) was less compact than that of wild-type CH-1 (Fig. 4C) . The results indicated that a defect in the rssC gene altered the bacterial cell membrane structure.
Mutation in the rssC gene alters the cellular fatty-acid profile
In concordance with the results observed by AFM, total cellular fatty acids were further analyzed by gas-chromatography. The rssC gene is expected to be an acyl transferase. Therefore, a defect in this protein might result in alteration of the fatty-acid composition. After extraction, the total cellular fatty acid profile of CH-1 and CH-1ΔC was determined by gas chromatography. The data obtained (Fig. 5) showed that the acyl chain composition in CH-1 was indeed different from that in CH-1ΔC, especially the short chain C12:0 (6.2 % vs. 3.1 %), branched chains C15:0 anteiso (3.3 % vs. 2.5 %), and C18:0 OH (2.4 % vs. 2.1 %). These results indicated that mutation in the rssC gene has altered the cellular fatty acid composition.
Previous study showed that modulation of the ratio between lipid A and phospholipid components might influence the outer-membrane protein assembly (Kloser et al., 1998) . The distinction of cell surface topographies between wild-type CH-1 and mutant CH-1ΔC as revealed by AFM might occur indirectly. First, a defect in the rssC gene resulted in the alteration of fatty-acid biosynthesis, even though the genes related to LPS or membrane biosynthesis worked normally. Then, the complete structure of the cell-wall-associated lipopolysaccharides or even the peptidoglycan layer is disrupted, leading to abnormal cell membrane protein assembly. Finally, an aberrant cell wall was also observed in CH-1ΔC under TEM and SEM observation.
Conclusions
We have shown that AFM is a useful technique in providing quantitative measurements of the physical properties of the membrane structures for individual intact S. marcescens wild-type CH-1 or rssC mutant CH-1ΔC cell. In addition, three-dimensional information on surface features in the membrane of CH-1 and CH-1ΔC cells can be extracted from the topographic images before and after treatment with lysozyme, and their topography-related parameters can be defined and compared. The results obtained from physical measurements of CH-1 and CH-1ΔC cells before and after treatment by AFM may suggest that mutation in the rssC gene does alter the outer membrane structure of S. marcescens. Moreover, it was found that the AFM data were consistent with the TEM and SEM observations and cellular fatty acid profile analysis. Taken together, the rssC gene is predicted to be mainly responsible for fatty-acid biosynthesis of the S. marcescens outer membrane, and the cell membrane aberrance sites are assumed to be located in the lipid A layer or the inner leaflet in mutant CH-1ΔC. We have created a way to unravel the role of the rssC gene of S. marcescens. Then, people can quickly observe the structural changes in membranes of bacterial mutant cells by AFM and predict gene expression in bacterial cells.
Experimental procedures
S. marcescens CH-1 and CH-1ΔC preparation
S. marcescens wild-type CH-1 and mutant CH-1ΔC cells were cultured overnight on LB medium.
The bacterial culture was then diluted 1:100 with fresh LB broth and incubated at 37 o C with vigorous shaking (225 rpm) for 2 hours. Prior to imaging, bacterial cultures were centrifuged at 2050g for 5 min at 4°C, and the wet pellet was resuspended in distilled water, and recentrifuged (2x) to remove the growth medium, and the final pellet was again suspended in distilled water for attachment to poly-L-lysine-treated mica.
Lysozyme treatment
Lysozyme from chicken egg white (95% Grade-I, Sigma Chemical Company, NY; 0.91 mg) was dissolved in 1.5 mL of 0.2 M HEPES buffer, pH 7.5. A 20 μL portion of the above lysozyme solution (50,000 units/mL) was added to 1.0 mL of the S. marcescens CH-1 and CH-1ΔC
suspension. The mixture was incubated for 5 min at room temperature, followed by an additional 5 min at 4 °C. The suspension was centrifuged at 2050g for 5 min, and the pellet was washed and resuspended in water (250 μL) for analysis. A final concentration of about 10 4 -10 5 cells/ml was used for attachment to poly-L-lysine-treated mica.
Protease treatment
Protease from Streptomyces griseus (P5147, Sigma, USA) was dissolved in 10 mM sodium acetate buffer with 5 mM calcium acetate, pH 7.5, at a concentration of 1 mg/mL (stock solution). A 50 μL portion of the above protease solution (20 units/mL) was added to 1.0 mL of aqueous S.
marcescens CH-1 and CH-1ΔC suspension (approximately 7.5 x 10 7 cells). The mixture was incubated at 37°C for 20 min. S. marcescens cells were then pelleted by centrifugation at 2050g for 5 min, resuspended in distilled water, and recentrifuged (2x). The final pellet was again suspended in distilled water (1 mL) prior to attachment to poly-L-lysine-treated mica.
Attachment of bacteria to poly-L-lysine-treated mica
For AFM studies, S. marcescens CH-1 or CH-1ΔC cells were attached through electrostatic interactions (physical adsorption) by placement in contact with a glass slide that had been coated with poly-L-lysine hydrobromide, a positively charged compound. After cleaning of the slide with methanol and Milli-Q water, a drop of 0.01% (wt/vol) poly-L-lysine hydrobromide solution was added and incubated for 30 min. The slide surface was then washed with Milli-Q water before introduction of the bacteria. The surface was then washed with distilled water (50 μL, 3x) and allowed to dry in air.
AFM analysis
The AFM experiments under a tapping mode of operation were carried out with a Smena B™ 13 AFM (NT-MDT, Moscow). Commercial silicon cantilevers Ultrasharp™ NSG11 (MikroMasch, Estonia) with a spring constant of 0.06 N/m was used for the tapping mode. We collected the images in a narrow range of frequencies, ranging from 120-130 kHz. The oscillation amplitude was 50-100 nm, with a set-point ratio of 0.9. Light tapping was used, which involved maintaining a high amplitude set point relative to the free amplitude of the cantilever. Typically, we began by scanning a 10 μm x 10 μm area that contained several bacterial cells. Gradually, the image size was reduced to an isolated few individual cells. These bacteria cells were then scanned in both directions several times before an image was captured, to help ensure that tip artifacts, such as hysteresis, were not altering the images. For each preparation, we then selected at least three and up to 6 high-quality images to be captured. One image of the selection was chosen for the three-dimensional presentation. Tips were replaced frequently, or when there was an indication of artifacts present in the images. After the images were recorded, an offline section analysis was performed on each image in order to gain information on the sample topography. A "valley to 
Gas chromatography
Strains were incubated in LB broth medium at 37 o C overnight. After overnight culture, bacteria were seeded on an LB plate for 2 hrs. Extraction was performed following the standard procedure.
Samples were prepared for use in GC-FAME analysis (Microbe Inotech Laboratories, Inc., Saint Louis, USA). CH-1 (20,000 X) and mutant CH-1ΔC (30,000 X). Bar: 1 m. Images showed that there was a light marginal ring suggested to be either a capsule or LPS around the wild-type CH-1 cell, whereas the mutant CH-1ΔC cell seemed to be aberrant and small blebs were present (white arrows). (C) and (D) SEM images of CH-1 (15,000 X) and CH-1ΔC (15,000 X). Bar: 1 μm. Under SEM observation, the surface of mutant CH-1ΔC was less compact than that of wild-type CH-1. 
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